ABSTRACT A new model is proposed for the structure of the body-centered cubic phase of lipid systems. Infinite rods of polar groups (and water) (1) (2) (3) (4) . In addition, other cubic phases with different space groups have been obtained and characterized by x-ray diffraction (5-9); these phases will not be discussed here.
PREVIOUS MODELS OF THE bcc PHASE
The initial x-ray diffraction studies on water/amphiphile systems (10) of cubic symmetry showed only two to four reflections suggesting a face-centered cubic (fcc) lattice. These phases share an x-ray pattern in which the Bragg spacings of the first two reflections are in the ratio 1:0/-7T. In a major step in the study of this phase, Spegt and Skoulios (14) obtained x-ray diffraction patterns of anhydrous strontium soaps (SrCG, 12 < n < 22) in which up to 18 reflections were observed. In these patterns the additional reflections were incompatible with the fcc lattice and clearly indicated a bcc lattice. Model-building trials led to the conclusion (14) that micellar aggregates of spherical or disc shapes could not explain the absence of reflections (110), (200), and (310) in the SrCn diffraction patterns.t Because Ia3d is the only cubic space group in which reflections (110), (200), and (310) are forbidden (16, 17) , it was proposed (1) that the SrCn diffraction patterns could best be explained by assuming this space group symmetry. This provided a new approach based on space group symmetry considerations. As a first step, only the Sr ions were taken into account and assigned to special positions (on twofold axes) that limit the possible reflections to those observed in the diffraction patterns. Furthermore, Sr ions were uniformly distributed along the The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact.
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intersecting twofold axes, thus defining the positions and length (i.e., the shape) of the structural elements in the unit cell. The electron density was assumed to be uniform over the rest of the unit cell. The x-ray intensities calculated for this model (1) were in good agreement with reported (14) experimental data. However, this model includes a gap between the structural elements, described as slender rodlets consisting of the polar groups of the molecule (Sr2+ and -COO-groups). This model can be described as consisting of discontinuous rodlets, also called "linked rodlets".
This approach of space group symmetry considerations was subsequently applied to the cubic phase of water/amphiphile systems, in which additional x-ray diffraction experiments indicated a bec lattice (4) rather than the fcc lattice reported before (10, 11, 18) . The structural models were derived directly from the model proposed for SrC,,; however, after adjustment of parameters the length of resulting "rodlets" barely exceeded their diameter. Two rodlet topologies were proposed. In the first, hydrocarbon chains fill the interior of the rodlets; the polar groups and the water are outside. In the second, this arrangement is reversed, as in SrCn. For different systems a choice between the two topologies was made mainly on physicochemical arguments (4) . Although this approach using space group symmetry arguments for the bcc phase appeared as an important advance in the study of lipid phases and permitted further developments (2, 5) , several points need to be reconsidered. These are related to (i) the choice of the space group and (ii) the calculation of x-ray intensities.
(ia) The model is based on the assumption that the space group Ia3d is the only one accounting for the "crucial" absence of reflections (110), (200), and (310); however, it should be noted that in all lipid systems studied these are low-resolution reflections (s-' I 25 A). Because the diffraction patterns do not usually extend to high resolution, the assignment of space group should be considered only tentative. Only at low resolution can the gross features of the micellar aggregates be approximated by Ia3d (see below).
(ib) Although the low resolution x-ray data appear compatible with the space group Ia3d, some lipids, such as natural lecithin and galactolipids, contain asymmetric carbon atoms in the polar groups of their structural elements. For these substances, Ia3d cannot be the correct space group because it includes symmetry operations, such as planes and center of symmetry, that are incompatible with the presence of only one enantiomer of the lipid molecules.
(i0) Although in some systems heat treatment of samples increased somewhat the resolution of the diffraction pattern (14) , with a small number (z) of Sr ions per rodlet (with 9 < z < 12 in the SrCn homologous series), even though this number z is never an integer (1) . For (2, 4) .
Thus, it appears that the problem of the structure of the Ia3d phase is still open, and this prompted us to search for a new model.
bcc PACKING OF INFINITELY LONG RODS AS
A MODEL FOR THE bcc PHASE Crystallographic Aspects. Whereas the cubic packings of spheres and polyhedra have been thoroughly analyzed and often used to describe crystal structures, it is only recently that cubic packings of rods have been considered (19, 20) . One of these packings, the bcc, is of particular interest here. If we consider uniform and infinite circular cylinders, they may be packed with their axes along the four nonintersecting threefold axes of the cube (Fig. 1) . The closest packing of cylinders is reached when their radii equal a/4-A/2. The fractional coverage of space in this arrangement is 0.6082, which is smaller than that in the closest hexagonal packing of cylinders (0.9069) and that in the closest cubic packing of spheres (fcc) (0.7405) but is equal to that in the bcc close packing of spheres (17, 20) .
Because the distribution of matter is not continuous, one should define generalized rods rather than uniform cylinders [that is, "any figure with a singular axis but without singular points or planes" (21) ] that would be formed by discrete and regular arrangements of atoms or ions. Depending on the structure of these rods, their packing in the bcc lattice belongs either to the space group Ia3d or to one of its cubic bcc subgroups. Thus, the axes of the rods are represented by points on the 32 equivalent positions e(x, x, x, etc.) of Ia3d (16) , in which x varies from 0 to 1/8. In a similar way in the family of bcc subgroups of Ia3d the axes of the rods must be placed along position c in I43d, position e in I4132, position c in Ia3, and position a in I213 (16) . In all of these space groups, the axes of the generalized rods coincide with the four nonintersecting threefold axes of the cube.
The concept of generalized rods can be used to describe the structure of the hexagonal phases of lipids and, furthermore, to allow us to propose a new model for the cubic phases. Whatever the space group, at low resolution the arrangement of generalized rods degenerates into an arrangement of continuous cylinders (i.e., the space group is Ia3d). Thus, the very small angle diffraction pattern for such a rod packaging will be compatible with Ia3d symmetry, characterized by the absence of the reflections (110), (200), and (310) and by the presence of the reflections (211) and (220) (16, 17) -often the only observed reflections. The main features of the x-ray patterns of all reported Ia3d phases are easily explained if these bec phases are considered as generalized rods with their axes along the four nonintersecting threefold axes. The Ia3d space group can be used to calculate the small-angle diffraction intensities by using the approximation of a uniform electron density distribution along the generalized rod, as shown in Table 1 (lecithin, galactolipids, KCn, hexadecyltrimethylammonium bromide). In this unified topology, the polar groups (and water) are located inside the rods, with the hydrocarbon chains facing the outside and forming a continuous matrix, as in SrCn. A uniform electron density approximation cannot be used for SrCn because the polar groups with highly diffracting Sr ions are arranged in a crystalline array (14) . For the intensity calculations of the lipid structures shown in Table 1 , which contain water and in which the polar groups are bulkier and more disordered, a two-density model § (polar groups/hydrocarbon chains) has been used. Such a two-density model explains the high relative intensity of the small-angle reflections (211) and (220).
As discussed above, at higher resolution (s-1 < 10 A), the x-ray reflections of SrCn (14) are incompatible with IaSd.
In the other lipid systems shown in Table 1 respectively (10, 25) . Indeed a contraction of the structural elements in one (two) dimension(s) may coexist with an expansion in two (one) infinite dfinensions, giving rise to a bulk expansion.
At a molecular level, this is reflected by a contraction of the hydrocarbon chain length and simultaneously by an increase of the interface areas, together leading to bulk expansion. Examples are (i) in the lelaphase, the width of the lipid leaflet decreases but its lateral dimensions and the average interface areaS increase; and (U) in the hexagonal Hi phases (a twodimensional lattice), the lipid rod radius decreases but its length and S increase (10, 25) .. Similar thermal effects are also observed (9, 14, 26) for the cubic phase (a true three-dimensional lattice) but have not been analyzed in detail. Here the problem' is-to reconcile the continuous decrease of the unit cell volume with the bulk expansion observed when the temperature increases. If the unit cell contains infinite structural elements, as in the model proposed here, the explanation given above for the lamellar and hexagonal phases is valid: when the temperature increases, the unit' cell volume decreases because of a contraction of the hydrocarbon chains located between the polar -rods. These'rods elongate and so their linear density decreases, leading to an increase in S. The bulk density of the unit cell diminishes (see Table 2 ). In contrast, consider unit cells containing finite structural elements [i.e., rodlets (1-4), small leaflets (9), or spheres]. With increasing temperatures these elements expand in bulk, and because the symmetry of the arrangement is maintained, it follows that the unit cell should expand. This is contrary to observation. Alternatively, a. decrease in unit cell dimensions could be explained by' invoking mass rearrangements in the finite structural elements. Thermal expansion of"these elements contained in a continuously contracting unit cell that maintains its symmetry would result in a continuous loss of matter. This matter should be accommodated in contiguous space. Moreover, because no disorder has been observed in these experiments (9, 14, 26) , the contiguous space should be that of a crystalline arrangement; but this is hard or impossible to explain without invoking drastic changes in crystallkgraphic parameters. No such changes have been observed. In contrast, loss of matter in an infinite element does not require drastic changes in cytallographic parameters; indeed, it can be visualized as a continuous process maintaining the original symmetry as the unit cell contracts continuously.
In summary, thermal effects on the cubic phase are easily explained when it is built with infinite structural elements and does not involve mechanisms different from those taking place in the other mesomorphic phases.
DISCUSSION
The structure we propose for the bcc phase of various lipids is based on an arrangement of polar groups (including water in hydrated systems) in infinitely long rods as depicted in Fig. 1 ; the hydrocarbon chains fill the rest of the unit cell and form a continuous matrix. As discussed above, this model and the previous model of linked rodlets are not derived directly from the x-ray diffraction data. Although a direct solution of the structure would be more likely for SrCn than for other systems, even in this case additional data such as single-crystal x-ray diffraction and increased resolution, or both, would be necessary. However, -the model proposed here is the only one compatible with all known x-ray data.
The variation of the unit cell parameter with temperature The density of SrCl2 at 2650C was first determined from the parameters of the hexagonal phase in the homologous soap series (14) , taking for vcH2 the value derived from the measurements of Doolittle (23); the specific volumes of the other soaps at 2650C were derived from these values. The densities at 2350C were calculated starting with SrCi8, for which the thermal expansion coefficient 8.946 X 104, determined for CaCi8 (24) , was used. One should note that in the bcc phase, the maximal'distance available to the hydrocarbon chains is always smaller than the length of the fully extended chain (e.g., 12 .0 A and 16.3 A, respectively, for SrC14).
* Unit cell parameter taken from ref. 14. (25, 28) seems insufficient to account for such a polymorphism.
A number of peculiar properties of the bcc phase, which were explained by the linked-rodlets model, are equally well explained with the infinite-rods model. For example, the high viscosity of the phase is an obvious property of such an intricate arrangement of rods, as is also the transient strain birefringence (13) that arises from the perturbation of the isotropic (cubic) arrangement of anisotropic structural elements (the rods). Other properties that are better explained by our model include lower electrical conductivity of the bcc phase compared to that of HI phase at constant temperature (29) , which is explained by the segregation of the polar moieties into the isolated domains of the infinite rods. The NMR results and the measurements of the translational diffusion coefficient (30) have been interpreted as indicating the existence of an amphiphile continuum, as seen in the structure we propose here.
The model of linked rodlets for the bcc phase gave rise to a new family of structures, all of which contain networks of rodlets: the rhombohedral R3m (R) and the tetragonal T422 (T) in almost anhydrous systems (2) and the primitive-lattice Pm3n in highly hydrated systems, in which spheres are enclosed within cages of rodlets (5) . Although the Pm3n structure is no longer under active consideration (28, 30) , the remaining R and T phases should be reconsidered in the light of the infinite-rods structure for the bcc phase. We propose that the infinite-rods model based on simple structural elements can be extended to give models for the structure of other lipid phases.
